Abstract. This paper reports the investigation on the process of thermally mediated droplet formation at a microfluidic T-junction. The temperature field generated by an integrated heater causes changes in properties of the fluids and affects the droplet formation process. The droplet formation process is formulated in this paper as an incompressible immiscible two-phase flow problem. The motion of the two-phases is strongly coupled by interfacial conditions, which are governed by the three-dimensional Navier-Stokes and the energy equations. The interface or the droplet surface is described by a narrow-band particle level-set method. The numerical solutions of the problem are obtained with finite volume method on a staggered mesh and validated with the experiment data on droplet formation in the dripping regime of a T-junction. The combined effect of the temperature-dependent viscosities and interfacial tension of the fluids results in a larger droplet at elevated temperature. The effectiveness of the penetration of temperature field induced by different heater geometries that resulted in different incremental change in droplet size over a temperature range is discussed.
INTRODUCTION
Microfluidics gains popularity in the recent years. Improved mixing [1, 2] and heat transfer [3] in micro scale have been explored. Recently, the field of microfluidics extends from single-phase continuous flow to multi-phase dropletbased flow. With the well controlled droplet-based processes, innovative use of droplets in a wide range of research fields has been proposed. For instance, droplets can act as a container, providing both physical and chemical isolation for its contents. Thus, chemical reaction with only a minute amount of samples can be realized within the droplet.
Because of its potential, forming stable droplet of controllable size and frequency is the very first step in dropletbased microfluidics. Different approaches of droplet formation have been proposed and investigated. Droplet formation can be loosely categorized into two groups: passive and active approaches [4] . Passive approaches generate droplets in pure hydrodynamic settings. It generally relies on the geometries of the microchannel, the flow rate ratio and the capillary number to achieve the formation of droplets. Three types of microfluidic geometries [5] used for droplet formation include co-flowing configuration [6] , T-junction [7, 8] and flow focusing devices [9] [10] [11] .
In additional to hydrodynamic means, active approaches add forces induced by external sources. These additional controllable forces modify the underlying hydrodynamics to effectively tune the formation process. External sources include but not limited to thermal [12] [13] [14] , electric [15, 16] and magnetic fields [17] . A thermal field can be easily generated within a microfluidic device with an integrated heater. The generated heat results in a spatial variation of the temperature-dependent physical properties, such as viscosity, interfacial tension and density. For liquids, viscosities and interfacial tensions are more sensitive to temperature change than densities. The variation in interfacial tension gives rise to thermo-capillary force, i.e. a Marangoni effect. We found in our previous experimental works that larger droplet can be formed with higher temperature induced by a heater and this effect is more profound for microchannels of large aspect ratio, i.e. shallow microchannels [13] . However, much of the physics governing this effect remains unclear. Due to the complex geometry and the strong coupling of the different fields, further understanding has to rely on numerical investigations. Numerical investigation in the physics of passive droplet formations in T-junction [18, 19] and cross-junction [20] have been performed. Computational requirement for simulating a three-dimensional droplet formation process is daunting even for passive droplet formation process. None of the previous works have included thermal effects in the process of droplet formation.
For active droplet formation, numerical investigation is understandably few as this is potentially a multi-physics problem governed by an even larger number of partial differential equations (PDEs). In this paper, the formation of a three-dimensional droplet under an induced thermal field is investigated. The paper starts with a brief description of the problem, its mathematical formulation and solution procedure. Results and discussions are followed by concluding remarks. Figure 1 shows a typical T-junction with a square cross section. It should be noted that the channel geometry is not just limited to square cross section. Non-square channel can be expected for a T-junction with rectangular geometry. The two inlets are for the continuous phase (oil) and the dispersed phase (water). The continuous phase and the dispersed phase are immiscible. For the convenient of the later implementation of level-set simulation, they are designated as the negative (-ve) fluid and the positive (+ve) fluid. These phases are distinguished in the level set function by their signs.
NUMERICAL MODELLING
The continuous phase (-ve fluid) flows into the channel at the left inlet with an average inlet velocity of u -o . The dispersed phase (+ve fluid) enters the other inlet with an average velocity of u +o . Both streams are maintained at an initial temperature of T o at the inlets. With this configuration, the expected droplet formation process occurs at the Tjunction where the two channels join. The shear force and the pressure build-up at the junction break off and forms droplets of the +ve fluid. Subsequently, the formed droplets of +ve fluid flow downstream towards the exit. Fully developed flows are assumed for both inlets. Non-slip condition is enforced at the walls of the channel. Out flow boundary condition is employed at the outlet.
For inducing the temperature field, a heater is attached to the wall at the location shown in Fig. 1 . Upon switching on the heater, the temperature of the wall directly adjacent to the heater is raised to T set . Other location of the wall is maintained at a temperature of T o . At the outlet, zero-gradient is employed. With these boundary conditions, a non-uniform temperature field is established in the channel and changes the local physical properties of both fluids. These thermally induced changes produce additional forces acting on the forming droplet, altering its formation process. 
Mathematical formulation
The domain of interest consists of the -ve fluid and the +ve fluid. These fluids are separated by the interface Γ. A levelset function [21] is used to represent the interface and can be expressed mathematically as
where d is the shortest normal distance from the interface Γ, x  is the location in the -ve fluid (   ) as well as in the +ve fluid (   ). Within the present framework, the domain of interest is formulated as a single special fluid. This fluid is special in the sense that its properties at a given time and location are set to the properties of either the -ve or the +ve fluids depending on whichever that occupies that particular location at that particular time. A property α of the special fluid can be conveniently expressed using the level-set function as
where H is a function of the level-set function ϕ:
with H smears over a thickness of 2,  is set to be 1.5 times of the mesh size.
The conservation of mass, momentum and energy of the special fluid are formulated mathematically as:
where , µ, c and k are the density, the dynamic viscosity, the specific heat and the thermal conductivity respectively.
It can be noted that Eqn. (4) is reduced to
as the fluid in this present study is assumed to be incompressible.
In equation (5), the interfacial force given by [22] as
where the Dirac delta function  
, the unit normal to the interface F N and  are defined respectively as
The first and second terms in (7) account for capillary and thermo-capillary effects respectively. The evolution of the interface Γ is governed by
To maintain ϕ as a distance function, ϕ is set to the steady-state solution of the following equation:
where t is a pseudo time for second level-set function (employed for redistancing purpose only)   and
and is subjected to the following initial condition
A particle correction procedure [22, 23] is adopted, to avoid the mass loss problem well known for the level-set method.
Massless particles of size in the range of 0.1∆x ≤ r p ≤ 0.5∆x, where ∆x is the mesh size of the model, associated with each phase are seeded near the interface. These particles are then attracted to the correct side of the interface, i.e.
positive particle to the side with ϕ > 0 and negative particle to the side with ϕ < 0. The radius of each particle r p is set to ( 1 3 ) where
where p x  is the position of the particle.
The sets of positive and negative particles that happen to be in the opposite side of the interface in the advection process are identified respectively as E + and E -. Two new level-set functions with each associated with the positive and the negative particles, ϕ + and ϕ -, are first initialized as ϕ and then updated according to
( 1 5 ) and
Particle correction on the level-set function ϕ is performed via
In the numerical implementation of the particle correction procedure,
are evaluated by trilinear interpolation of their respective values on the underlying nodes. Upon obtaining a converged level-set value ϕ, the sizes of the particles r p are updated through (13) .
Numerical implementation
The conservation equations (4-6) are solved on a staggered grid system by employing a finite volume method with SIMPLER algorithm [24] to resolve the pressure-velocity coupling. The evolution of the level-set function and its redistancing are implemented in a narrow-band procedure [25] . Both are spatially discretized with WENO5 algorithm [26] and advected using TVD-RK2 algorithm [27] . The overall solution procedure is as follow: Given known ϕ, u  , p and T , proceed the solution in time for
Step (1) Set
Step (2) Compute 1  n  from Eq. (9) Step (3) Perform redistancing via Eqs. (10-12) and particle correction on 1  n  via Eqs. (13) (14) (15) (16) (17) Step (4) Calculate the properties of the special fluid using Eqs. (2, 3).
Step ( Step (7) Iterate step (2) through (6) and check if solution converges
Step (8) If solution converges, proceed to the next time step by starting from step (1) . Otherwise, terminate the procedure.
RESULTS AND DISCUSSIONS
We first validate the numerical procedure with experimental and numerical data of the cross-flow configuration reported by Wu et al. [20] . The optimised PLS settings are examined using a generic channel geometry but based on a specific set of hydrodynamic condition of our experimental results previously reported in [13] . The effect of thermal penetration based on the heater arrangement was investigated and compared to experimental results.
Validation
As mentioned above, a first-level validation on the present procedure was performed for droplet formation with flowfocusing configuration. Following up the preliminary validation result, the next level of validation was carried out to determine the optimized settings of our numerical procedure in specific to the set of hydrodynamic condition upon which the experimental study was conducted. The evaluation and selection of the optimized settings of the present procedure will now be discussed.
Fig. (2).
Droplet formation in a cross-junction: (a) experimental [20] ; (b) numerical [20] ; (c) present algorithm.
The requirement on computational resources, both computational power and computer memory, of a three-dimensional model is enormous. Therefore, the computational demand of the modeled domain is made as minimal as possible but with an acceptable level of accuracy and stability of the numerical solution. In the case of a VOF-based numerical model [28] , it was reported that at a flow condition of 13m/s to 26m/s for a -ve fluid (air) and 0.09m/s to 0.18m/s for a +ve fluid (water), only minor difference can be seen for cases ranging from 78 x 10 3 and 320 x 10 3 of computational nodes for the given domain of 5mm x 500µm x 45µm. A mesh of 120 x 10 3 nodes was ultimately selected for the use in the numerical simulation in consideration of the computational cost and the insignificant difference in the accuracy of the numerical solution. Generally speaking, for any hydrodynamic numerical model, channel size and flow condition are factors affecting the optimal mesh to be used in the simulation in order to achieve good accuracy and with reasonable computational expense. In other words, the optimal mesh density and consequently the number of computational nodes are highly dependent on the channel size and flow condition.
As explained earlier in section 2.1, a particle correction procedure [23] was adopted to address the well known mass loss problem of a level-set method for our present study. Figure 1(b) shows the mass loss of water droplet over time for the case of a generic T-junction geometry resulting from our present procedure. M +o and M + are the correct and current mass of the droplet. The ratio M + /M +o = 1 corresponds to the case of perfect mass conservation. Mass loss increases over time for a pure level-set method. For the case, a mass loss of around 17% is incurred with pure level-set method.
The trend shown in Fig. 1(b) indicates that mass loss increases over time. However, activating the particle correction procedure allows keeping the mass loss well under 3%. This fact affirmed the proper functionality of our Particle Level Set (PLS) numerical procedure in addressing mass loss phenomena.
The particle level set method involves the setting of particle related parameters such as particle re-initialisation scheme, particle density and seeding interval. Therefore, besides the number of nodes, several other settings of the Particle Level Set (PLS) method also need to be considered in order to achieve reasonably accurate numerical results [29] . In the case of coarse mesh as shown in Fig. 3(a) , the mass of droplet for the baseline setting is eroding over time and reaches 90% of the exact mass after 700 time steps. As compared to the baseline setting, similar trend on the degradation of mass loss for the other PLS settings can also be observed (i.e. pre-and post advection particle reinitialization scheme, 100 time steps seeding interval and 32 per CV particle density). The worst among them is the seeding density of 32 particles per CV. If the flow condition is isolated, as in the case of the static flow, the mass loss phenomena is less drastic. However, a significant mass loss still happens eventually after 800 time steps. This result illustrates the impact of flow condition and would mean that the optimal grid for any domain is dependent on the flow condition.
For the case of the fine mesh [ Fig. 3(b) ], tremendous improvement can be seen in the mass loss performance as compared to the coarse mesh. The fine mesh has also reduced the sensitivity of the various PLS settings. Similar to the case of coarse mesh, the mass loss performance is most sensitive to particle density although the impact is not considered to pose any major concern as it has shown to reach stability. Based on the results from the fine mesh, the baseline condition is validated to be acceptable for the present study. Under a no flow condition, the static case shows a superior performance in term of mass loss. This result has further confirmed the effect of flow condition.
Considering the computational expense, a moderate mesh of 36 x 10 3 nodes is selected. The selection is based on the mass loss performance index at the baseline condition. In Figure 3 (c), the moderate mesh has shown to be acceptable for the present study as compared to the fine and coarse mesh discussed earlier. The validation exercise concludes that there is no absolute one-size-fits-all mesh setup. The optimal setting is specific to the hydrodynamic flow condition employed in the numerical experiment. Figure   4 (a) shows the relationships between the above properties and the temperature. In general, these properties vary almost linearly over the small range of temperature change considered in our problem.
Since the densities of both fluids are considered as temperature independent in the problem and buoyancy can be neglected in microscale, the densities of both fluids are set to 1000 kg/m 3 [18] [19] [20] . The main channel is filled with continuously flowing mineral oil as the forming droplet develops. A layer of oil is always present between the droplet and the channel wall. Therefore, the droplet will not come into direct contact with the wall and thus, the absence of moving contact line. Base on this assumption, contact angle will not be taken into account in our problem.
To generalize the numerical results, instead of presenting them with dimensions, it is more convenient to display them Before proceeding further, it is beneficial to briefly discuss various forces acting on a forming droplet. Figure 4(b) shows the pressure force F p generated by the streamwise pressure difference across the forming droplet, the viscous force F v due the viscous stress acting on the interface of the forming droplet and the interfacial tension force F it .
Pressure force F p and viscous force F v push the forming droplet downstream. Interfacial tension force F it increases with larger interfacial area of the forming droplet. For Newtonian fluids, this force is proportional to the viscosity and velocity gradient. Interfacial tension force F it keeps the forming droplet from detachment. This force is proportional to the interfacial tension σ and the circumference of the water thread l. Figure 5 shows the droplet formation process for the case without the induced temperature field (T* set = 0.0). Two additional sections of the channel at y /L = 2.0 and x/L = 2.5 are included. The section at x/L = 2.5 indicates the profile of the forming droplet across the channel. Figure 6 shows another section of the channel at plane z/L = 0.5. These sectional views of the channel are presented for the ease of explanation.
Droplet formation without temperature field
As the water enters into the channel and intersects with the continuous flow of oil, an interface layer is formed between the two phases and the water droplet begins to form. This forming droplet is withheld from detaching by the interfacial tension force F it . As the drop grows, it progressively blocks the cross section of the main channel and obstructs the flow of the continuous phase (oil) causing pressure build-up upstream of the forming droplet (Fig. 5 ) and increasing the pressure force F p . At the same time, the flowing oil exerts a viscous force F v in the form of surface stress on the forming droplet. Both the pressure force F p and viscous force F v push the forming droplet downstream thinning the water thread.
This process continues to stretch the water thread and making it thinner as shown in Figs. 5(d-e) . A thin water thread has a smaller circumference l and therefore weakens F it which withholds the forming droplet from detachment. Besides, interfacial tension effect creates a region of high pressure within the thread where it is the thinnest and has the largest curvature. The water in the thread is then pushed both upstream and downstream away from this region of high pressure within the thread. This further makes the water thread even thinner until the interfacial tension force F it is no longer sufficiently strong to withhold the forming droplet. The water thread breaks and results in the formation of a water droplet. As shown in Figure 6 , the various stages of droplet formation process of the numerical procedure agree qualitatively well with the images extracted from the experiment [13] . 
Thermally mediated droplet formation
The present study found that heating schemes has an important effect on the formation process. Single-sided and double-sided heating schemes were modeled and evaluated to emulate the same effect of temperature field distribution within the channel as that of the experiment and ultimately to achieve the same order of increase in droplet size at elevated temperature. Unfortunately, no experimental data on temperature distribution within the channel was reported in [13] for a more precise correlation.
The numerical model follows the reported experiment, where the heater was attached to one side of the channel and was located at the intersection of the inlets. This heating scheme is referred to as single-sided. Figure 7 shows the droplet formation process with a heater temperature of T* set = 1.0. The temperature field at the plane y /L = 2.0 is also shown.
The sectional views of the front and top of the channel are presented as the inserts of Fig. 8 . Fig. (7) . Droplet formation of single-side heating scheme at T* set = 1.0 with sections for the planes y/L = 2.0 and x/L = 2.5.
Because the heater is attached to one side of the channel, the temperature field is asymmetrical. The temperature field generated is rather localized with a higher temperature near the inner wall where the heater is located. From the numerical results, the temperature field does not appear to penetrate very far into the flowing fluids. However the layer of oil between the forming droplet and the hot wall is thin, and much of the heat generated can be transferred into the forming droplet. As water has a much larger thermal conductivity than oil, the temperature field penetrates much further into the forming droplet. This is a desirable effect because the induced temperature field helps to cause a larger change in properties of a larger portion of the oil-water interface. Therefore, the small patch of localized heating is sufficient to cause visible change in droplet size.The size of the droplet formed at different heater temperatures. Without the induced temperature field, a droplet of size V * = 1.06 is formed. The size increases monotonically to V * = 1.28 at a heater temperature of T* set = 0.56 which corresponds to a temperature of T = 39ºC. This means an increase of 20% in the droplet size.
To understand such an increase in the formed droplet size, attention is paid to the change in fluid properties at elevated temperature as shown in Fig. 4(a) . An increase in the overall temperature of both oil and water results in smaller interfacial tension and viscosities. The sole effect of a smaller interfacial tension tends to suggest that a smaller interfacial force F it withholding the forming droplet. Therefore, the forming droplet can easily break off, leading to smaller droplet. This is however not the case as the decrease in viscosities is more significant volume of fluid which is exposed to the temperature. In order to further increase the heating effectiveness, the doublesided heating scheme is simulated. As shown in Figure 8 , heaters are placed on both sides of the channels and improve the penetration of the heat flux inside the channel. A more uniform heat distribution can be observed at the critical droplet formation area. Figure 8 shows the isometric and sectional views of the droplet formation process of the double-sided scheme at T* set = 1.0. It should be noted that the model has a longer exit channel than that of the single-sided case. The longer channel accommodates the development of a larger forming droplet as expected from the double-sided heating scheme. The solution of our present numerical procedure shall be independent of the change as the critical aspect ratios of the channel are maintained as before. Figure 9 compares the results of numerical simulation and experiments. With the improved temperature distribution within the channel, the change in the fluid properties is more prevailing for the double-sided heating scheme. As compared with single-sided heating scheme, the increase in droplet size of the double-sided heating scheme can approach that of the experiment. There could be a few reasons for the discrepancies between experiments and the numerical models. On the one hand, the thermal boundary conditions and thus the temperature distribution can not be determined precisely in the experiment. On the other hand, the numerical model presents a more 'localised' heating effect as compared to the actual experiment. In order to correlate their effect with experiment, the actual penetration and spreading of the temperature will have to be better represented in the numerical model. Fig. (9) . Droplet size of optimized simulation results and experiment [13] . The volume is normalized by the initial volume without heating at 25ºC. Inserts: (a) temperature field of the double-sided heating scheme; (b) temperature field of the single-sided heating scheme; (c) comparison of droplet shape during its formation.
In thermally induced droplet droplet formation, the phenomenon of thermo-capillary effect is present. Figure 9(c) shows the cross sectional view of the droplet at the plane x/H = 2.5 (single-sided case) and x/H = 1.5 (double-sided case). In the single-sided case, the droplet is observed to be inclining towards the right side of the channel where the heater is positioned. The asymmetrical temperature field generated by single-sided heating scheme created the thermocapillary effect which draws the forming droplet toward the region of the higher temperature. For the double-sided case, this effect cannot be clearly observed from the cross-sectional droplet profile even though the thermo-capillary effect is present if not stronger. Due to the symmetrical temperature field distribution, the forming droplet in the double-sided heating scheme develops symmetrically across the channel. This profile is similar to the case without thermal forcing.
CONCLUSIONS
This paper reports the three-dimensional numerical simulation of the droplet formation process in a microfluidic Tjunction under an induced temperature field. Formation of water droplet in oil in the dripping regime was performed as a case study and compared with experiment data. The validation exercise showed that the optimal mesh density is dependent on the flow condition. In the present model, the roles of lower viscosities and interfacial tension of the fluids were explored in the droplet formation process. Thermal forcing was provided by a heat source. Different heating schemes -single and double-sided -are modeled to achieve a correlation to experimental data. Thermocapillary effect drives the forming droplet towards the region of higher temperature allowing the generated heat to penetrate further into the forming droplet. This phenomenon increases the effectiveness of the applied temperature field. The effect is more noticeable for the single-sided case which has an asymmetrical temperature field. However, this does not undermine the absence of the thermo-capillary effect on the double-sided case. Double-sided heating scheme provides a more uniform heat distribution and thus better heat penetration within the channel. As a result, a larger droplet size can be seen at elevated temperature. In terms of the increase in droplet size over a temperature range from 25ºC to 39ºC, the present numerical solution with the optimized heater geometry showed the same trend as the experimental data. However, only the double-sided heating scheme can achieve the magnitude of change in droplet size as observed in the experiments. The numerical procedure presented in this paper can also be extended to other channel geometries.
